A recently described nuclear grading system predicted survival in patients with epithelioid malignant pleural mesothelioma. The current study was undertaken to validate the grading system and to identify additional prognostic factors. We analyzed cases of epithelioid malignant pleural mesothelioma from 17 institutions across the globe from 1998 to 2014. Nuclear grade was computed combining nuclear atypia and mitotic count into a grade of I-III using the published system. Nuclear grade was assessed by one pathologist for three institutions, the remaining were scored independently. The presence or absence of necrosis and predominant growth pattern were also evaluated. Two additional scoring systems were evaluated, one combining nuclear grade and necrosis and the other mitotic count and necrosis. Median overall survival was the primary endpoint. A total of 776 cases
were identified including 301 (39%) nuclear grade I tumors, 354 (45%) grade II tumors and 121 (16%) grade III tumors. The overall survival was 16 months, and correlated independently with age (P = 0.006), sex (0.015), necrosis (0.030), mitotic count (0.001), nuclear atypia (0.009), nuclear grade ( o0.0001), and mitosis and necrosis score (o 0.0001). The addition of necrosis to nuclear grade further stratified overall survival, allowing classification of epithelioid malignant pleural mesothelioma into four distinct prognostic groups: nuclear grade I tumors without necrosis (29 months), nuclear grade I tumors with necrosis and grade II tumors without necrosis (16 months), nuclear grade II tumors with necrosis (10 months) and nuclear grade III tumors (8 months) . The mitosis-necrosis score stratified patients by survival, but not as well as the combination of necrosis and nuclear grade. This study confirms that nuclear grade predicts survival in epithelioid malignant pleural mesothelioma, identifies necrosis as factor that further stratifies overall survival, and validates the grading system across multiple institutions and among both biopsy and resection specimens. An alternative scoring system, the mitosis-necrosis score is also proposed. Modern Pathology (2018) 31, 598-606; doi:10.1038/modpathol.2017.170; published online 12 January 2018
The most common primary malignant tumor of the pleura is malignant mesothelioma, which shows a strong association with asbestos exposure. 1 Malignant pleural mesotheliomas are aggressive tumors with a median survival of 9-12 months despite multimodality therapy. [1] [2] [3] [4] Owing to the poor outcome, much effort has been made to define prognostic factors that accurately stratify patients for therapy. It is well established that tumors with epithelioid histology have a more favorable prognosis compared to sarcomatoid and biphasic types. 2, 3 Histology is the most important prognostic variable that, together with TNM staging, forms the basis for treatment decisions. 3, 5 A group from Memorial Sloan Kettering Cancer Center sought to identify additional pathologic factors that predict prognosis in epithelioid malignant pleural mesothelioma. 6, 7 In addition to histologic subtyping, histologic grading was assessed in which seven nuclear features were evaluated, and while five correlated with the length of overall survival, only two, nuclear atypia and mitotic count, were found to be independent prognostic factors. 6, 7 These two features were used to create a three-tier nuclear grading system that proved itself an independent predictor of overall survival. 6 The goals of this study are (1) to validate the Memorial Sloan Kettering Cancer Center nuclear grading system using a large number of cases from multiple institutions, (2) to evaluate the prognostic significance of additional histologic features including necrosis and growth pattern, and (3) to determine whether this system is still valid when nuclear grading is performed independently by pathologists from different institutions.
Materials and methods
Clinical and pathologic data on patients diagnosed with epithelioid malignant pleural mesothelioma between 1998 and 2014 was collected from 17 institutions worldwide. Institutional Review Board approvals from each institution were obtained for this study. Clinical variables collected included age, sex, date of diagnosis, surgical procedure, T stage, N status, and date of death or last follow-up. Median overall survival was measured in months since initial diagnosis.
Pathologic diagnosis was based on accepted histologic and immunohistochemical criteria. 8, 9 Histologic features were evaluated by one pathologist for three institutions (University of Chicago, Duke University and Tokyo Women's Medical University) and independently by pathologists from the remaining institutions. An average of three representative hematoxylin and eosin (H&E)-stained slides were reviewed from each case (range 2-20). Nuclear atypia and mitotic count were evaluated as described previously by Kadota et al. 6 Nuclear features were evaluated at × 400. Mitoses were counted after identifying the areas of highest mitotic activity as an average of mitotic figures per 10 high power fields (HPF) (Figure 1a ). Tumors were divided into three groups based on the mitotic count: low 0 − 1/10 HPF, intermediate 2 − 4/10 HPF, and high ≥ 5/10 HPF. The low, intermediate, and high groups were assigned mitotic count scores of 1, 2, and 3 respectively. Nuclear atypia was assessed in the area with the highest degree of atypia and was classified as mild atypia-uniform small nuclei with inconspicuous nucleoli, moderate atypia-nuclei intermediate in size with variability in shape and variably prominent nucleoli, and severe atypia-bizarre, enlarged nuclei, multinucleation, and macronucleoli in 45% of tumor cells. Mild, moderate, and severe atypia were given nuclear atypia scores of 1, 2, and 3, respectively ( Figure 2) . A composite nuclear grade was assigned to each case upon addition of scores for nuclear atypia and mitotic count. Nuclear grade I was assigned to tumors with a score of 2 − 3, grade II for scores 4 − 5, and grade III for score 6. Necrosis was evaluated at 400 × and scored as present or absent (Figure 1b) . A mitosis-necrosis score was calculated for each case. Cases with five or more mitoses per 10 HPF were given a score of 1, and Prognosis in epithelioid pleural mesothelioma those with fewer were given a score of 0. Necrosis was given a score of 1 if present and 0 if absent. These scores were then added to create the mitosisnecrosis score, ranging from 0 to II.
Histologic subtyping was performed according to the most recent (2015) World Health Organization criteria. 8 A solid growth pattern in ≥ 50% of the tumor was recorded as predominately solid growth pattern. The solid pattern is defined as a tumor comprised of sheets and nests of round to polygonal cells without any other discrete architectural pattern. 8 
Statistical Analysis
Descriptive statistics (mean and standard deviation for continuous variables and frequency distributions for categorical data) are provided to summarize baseline demographic, clinical, and histological characteristics of the study cohort. T-tests and χ 2 -tests were performed to compare baseline variables between different groups of interest. Survival curves were estimated by the Kaplan-Meier method; median survival times and confidence intervals were generated from the Kaplan-Meier curves using the Brookmeyer-Crowley procedure. 10,11 Survival curves were compared across different groups using the log-rank test, and univariate and multivariable Cox regression models were fit to assess and adjust for prognostic factors. 12 Wald and likelihood ratio tests were performed to determine the statistical significance of potential prognostic factors, as well as interactions among the factors. The proportional hazards assumption was checked using log-log plots. 13 
Results
A total of 776 cases were identified, with an average of 46 cases from each institution (range 1 − 170) ( Table 1 ). The mean age was 65 years (range 29 − 91) and the majority of patients were male (611, 79%) with a male to female ratio of 3.7:1. By procedure, 269 patients (35%) underwent pleurectomy, 253 (32%) pneumonectomy, 206 (27%) surgical biopsy, and 48 (6%) had other or unknown procedures. Data on pre-and post-operative chemotherapy was available in 522 (67%) and 466 (60%) cases, respectively. Pre-operative chemotherapy was given in 155 (30%) cases, and post-operative chemotherapy in 222 (48%) cases. Patients receiving post-op chemotherapy were significantly younger than those who did not receive post-op chemotherapy (61.3 vs 64.6 years, P = 0.0006). Cases differed by institution with respect to age (P o 0.0001), use of post-operative chemotherapy (P o 0.001), nuclear grade (P o 0.001), and necrosis (P o 0.001). There was no significant difference in gender by institution (P = 0.51). T stage and N status were not analyzed as these data were incomplete.
Scores for nuclear atypia and mitotic count were available in 546 (70%) cases, as few institutions only provided the composite nuclear grade. A nuclear atypia score of 1 was present in 82 (15%) cases, nuclear atypia score of 2 in 310 (57%) cases, and nuclear atypia score of 3 in 154 (28%) cases. A mitotic count score of 1 was found in 223 cases (41%), a mitotic count score of 2 in 150 cases (27%), and a mitotic count score of 3 in 173 (32%) cases. Nuclear grade I cases had a frequency of 301 (39%), nuclear grade II of 354 (45%), and nuclear grade III of 121 (16%). Necrosis was present in 235 (30%) cases. Data on growth pattern were available in 708 (91%) cases, of which 275 (39%) had a predominately solid growth pattern.
The overall survival was 16 months (95% Confidence interval (CI): 15.0 − 17.5). On univariate analysis, male gender (P = 0.0029), and age (P = 0.0091) were significantly associated with overall survival. The mortality rate was 33% higher (hazard ratio (HR) = 1.33, 95% CI: 1.10 − 1.60) in males compared with females, with an increase of 15% per each 10-year increase in age (95% CI: 1.07 − 1.24). Survival rates varied significantly by institution (P o 0.0001) with median overall survival ranging from 12 to 26 months.
Of the histologic features evaluated, nuclear grade, necrosis, growth pattern, nuclear atypia score, and mitotic count score were associated with overall survival upon univariate analysis (Table 2) . Patients with nuclear grade III tumors had the worst median overall survival (8 months) followed by nuclear grade II (14 months) and nuclear grade I tumors (27 months, P o 0.0001) (Figure 3a) . In pairwise comparisons, overall survival was significantly different between patients with nuclear grade II and grade I tumors (HR 1.87, 95% CI: 1.58 − 2.21, P o 0.0001), nuclear grade III and grade I tumors (HR 3.40, 95% CI 2.71 − 4.27, P o 0.0001) and nuclear grade III and grade II tumors (HR 1.82, CI 1.47 − 2.26, P o 0.0001). Of note, both components of nuclear grade (nuclear atypia and mitotic count) contributed independently to overall survival (P o 0.001). There was no evidence of an interaction between the two components (P = 0.56). Median overall survival was 22, 18, and 11 months among patients with mitotic count scores of 1, 2, and 3, respectively; and 31, 18, and 11 months among patients with nuclear atypia scores of 1, 2, and 3, respectively (Figures 3b and c) .
Patients with tumors with necrosis had a significantly lower median overall survival than those without (10 vs 19 months, HR 1.85, CI: 1.57 − 2.17, P o 0.0001) (Figure 4a ). Median overall survival was significantly lower patients with predominately solid growth pattern tumors (12 vs 19 months, HR 1.45, CI: 1.23 − 1.7, P o 0.0001) (Figure 4b ). Independent from nuclear grade, there were no significant differences in overall survival between patients with a predominantly solid tumor compared to those with predominantly non-solid tumors (P = 0.44, P = 0.84, and P = 0.25 within nuclear grades I, II, and III, respectively)
We next considered the utility of combining nuclear grade and necrosis to better stratify patients. In this analysis, the presence of necrosis within nuclear grade I and grade II tumors further separated patients by overall survival. A statistically significant difference in median overall survival was found between patients with nuclear grade II tumors with and without necrosis ( Survival rates differed significantly according to the type of surgical procedure performed (P o 0.001) with patients undergoing pneumonectomy faring better than those undergoing pleurectomy (HR = 0.80, 95% CI: 0.67-0.97, P = 0.022). In addition, patients undergoing pleurectomy or pneumonectomy had a significantly better overall survival compared with those who underwent biopsy.
In multivariate analysis, nuclear grade, necrosis, age, and sex were all significantly associated with overall survival (P o 0.001, P = 0.030, P = 0.006, and P = 0.015, respectively) ( Table 3 ). The interaction between nuclear grade and necrosis described above remains statistically significant after adjustment for age and sex. A predominantly solid growth pattern and surgical procedure were not independently associated with survival, however, after controlling for nuclear grade, necrosis, age, and sex. Some institutional differences remain after adjustment for age and sex, and the nuclear grade by necrosis interaction remains statistically significant. After controlling for nuclear grade, age and sex, the administration of post-operative chemotherapy was significantly associated with improved survival (HR = 0.57, 95% CI: 0.46-0.69, Po 0.001), but preop chemotherapy was not (HR = 0.87, 95% CI: 0.69-1.07, P = 0.18).
There was a strong association between nuclear grade and the mitosis-necrosis score (P o 0.001) ( Table 4) . Patients with tumors having a mitosisnecrosis score of 0 had an overall survival of 22 months (n = 299), mitosis-necrosis score of I of 14 months (n = 149), a score of II of 10 months (n = 98). Pairwise comparisons between the three groups were all statistically significant: 0 versus I (HR:1.71, 95% CI: 1.39-2.12, P o 0.001), 0 versus II (HR: 2.35, 95% CI 1.84-3.00, P o 0.001), and I versus II (HR 1.37, 95% CI 1.05-1.78, P = 0.020) (Figure 5b) . Note, however, that the three category mitosis-necrosis score does not give quite the same degree of separation in the survival curves as the five category nuclear grade/necrosis combination. Finally, to assess whether the stratification of patients according to nuclear grade and necrosis was robust across institutions, we applied this classification among the three institutions contributing the highest numbers of patients: Memorial Sloan Kettering Cancer Center (n = 170), Basildon & Thurrock University Hospital (n = 119), and Barts Heath NHS Trust (n = 84). For each clinical center, the stratification according to nuclear grade and necrosis led to distinctly prognostic subsets (P o 0.001, P o 0.001, and P = 0.002, respectively). 
Discussion
This multi-institutional and multiple pathologist study clearly demonstrates the value of nuclear grade and necrosis in predicting overall survival in epithelioid malignant pleural mesothelioma. Current clinical parameters are poor predictors of overall survival. When dividing epithelioid malignant pleural mesothelioma into low and high stage, Kadota et al 6 found that this differentiates overall survival at best by 15 vs 20 months, with a distribution of 60 versus 40%. Kadota et al 6 sought to determine histopathological prognostic factors by studying 232 epithelioid malignant pleural mesothelioma and discovered that nuclear atypia and mitotic count were independently associated with overall survival. Habougit et al, 14 in a study of 77 epithelioid malignant pleural mesothelioma, also showed that nuclear atypia and mitotic count were predictive of overall survival, in addition to atypical mitoses, nuclear atypia, prominent nucleoli, and necrosis. We found that nuclear grading stratifies patients into three distinct groups with median survival times of 27 vs 14 vs 3 months. Our results are consistent with those of Kadota et al 6 who found a median overall survival between nuclear grade groups of 28 vs 14 vs 5 months. In addition, Kadota et al 6 found that the nuclear grading system remained significant in sub-cohorts of low and high stage patients and was also predictive of time to recurrence.
While Kadota et al examined cases from a single institution, our study includes a larger cohort of patients from multiple institutions, in which histologic examination was performed by multiple pathologists. Even though cases differed by institution with respect to age, use of post-operative chemotherapy, nuclear grade, and necrosis, after multivariate analysis nuclear grade remained predictive of overall survival despite these differences. As such, these differences in the presence of necrosis are likely due to differences in patient population as suggested by the difference in age and less likely to be due to interobserver variability. The issue of interobserver variability has been raised in nuclear grading and mitotic count, however these concerns are mitigated by using welldefined criteria, which were applied in this study. [15] [16] [17] [18] We examined two additional histologic features, growth pattern and necrosis to determine if they were prognostic. A predominantly solid growth pattern has been associated with a poor outcome in epithelioid malignant pleural mesothelioma, with a median overall survival of 13.7 months versus 16.3 months for all comers. 7 The presence of necrosis has also been shown to be a predictor of poor outcome in epithelioid malignant pleural mesothelioma. 14 Although a predominantly solid growth pattern was associated with worse median overall survival in univariate analysis, it was not independently significant. The significance of solid growth on univariate analysis was likely related to the increasing incidence of predominantly solid growth with increasing nuclear grade. Necrosis was independently associated with overall survival and stratified patients into two groups with a survival of 10 vs 19 months. Our results mirror those of a recent study of 77 epithelioid malignant pleural mesothelioma in which necrosis was also associated with a worse overall survival of 10 vs 19 months. 14 When we examined the presence of necrosis within nuclear grade groups, we were able to further stratify median overall survival within nuclear grade I (16 vs 29) and nuclear grade II (10 vs 16) groups. As nuclear grade I tumors with necrosis behaved similarly to nuclear grade II tumors without necrosis (the median survival time for both was approximately 16 months), and those with necrosis did not fare worse than those without necrosis in nuclear grade III tumors, the combination of necrosis and nuclear grade allows classification of epithelioid malignant pleural mesothelioma into four distinct prognostic groups by median overall survival: nuclear grade I tumors without necrosis (29 months), nuclear grade I tumors with necrosis and nuclear grade II tumors without necrosis (16 months), nuclear grade II tumors with necrosis (10 months) and nuclear grade III tumors (8 months) .
The majority of patients in the Kadota et al study underwent extrapleural pneumonectomy or pleurectomy (89%) and fewer than 5% underwent biopsy, whereas the majority of patients in the Habougit et al study underwent biopsy (97%). 7, 14 In our study, 68% of patients underwent pleurectomy or pneumonectomy and 27% underwent biopsy. Although patients who underwent pneumonectomy had a better survival than those with pleurectomy and both of these categories had a better survival than those who received biopsy, the type of surgical procedure was not randomized. Therefore, differences in outcomes between patients who underwent pneumonectomy versus those who received pleurectomy or biopsy may be confounded by other factors. Also, as staging information was incomplete, it is possible that patients who received biopsy alone had more advanced disease than those who underwent resection.
In this study we propose an alternative scoring system, the mitosis-necrosis score, which avoids assessment of nuclear atypia. We sought to replace this more subjective component of the nuclear grading system with necrosis since we have shown this factor to be independently prognostic. In addition to necrosis being less subjective, it is also easy to assess. The mitosis-necrosis scoring system did stratify epithelioid malignant pleural mesothelioma into distinct groups by median overall survival (22 vs 14 vs 10 months), although this separation is not as strong as that provided by the combination of nuclear grade and necrosis.
In multivariate analysis, post-operative but not pre-operative chemotherapy was associated with improved survival. Despite this fact, nuclear grade and necrosis remained independently predictive of overall survival. Owing to the poor prognosis of epithelioid malignant pleural mesothelioma, a multimodality approach including surgery, chemotherapy, and radiation is often taken. In this approach, chemotherapy is more often administered in the neoadjuvant setting but can also be administered adjuvantly post-surgery or intracavitary with hyperthermia at the time of cytoreduction. 3, 19, 20 There is a lack of randomized trials regarding outcome in patients treated with hyperthermic intraoperative chemotherapy, however patients with low-stage epithelioid malignant pleural mesothelioma receiving this therapy have been shown to have a longer survival and progression free interval. 19, 20 The strengths of the study include that it is multiinstitutional and involved multiple pathologists with a large number of cases. In addition, the largest contribution of cases was from Memorial Sloan Kettering Cancer Center and whereas the results were mostly similar to those found in a prior study from that institution, our additional cohorts appear to have validated those findings. 6 Nuclear grading and assessment of necrosis can be performed easily on H&E-stained sections. These factors can be incorporated into a mesothelioma synoptic to be included in the pathology report, and may help clinicians to decide on clinical management. The limitations include that the analysis was retrospective and that there was no analysis of interobserver variability in histological grading. In the future, the authors hope to apply the nuclear grade and mitosisnecrosis score prospectively to evaluate the predictive value of these systems. We will additionally extend the study to peritoneal malignant mesothelioma to determine if these grading systems are predictive of overall survival in this tumor.
In conclusion, nuclear grade and necrosis predict overall survival in epithelioid malignant pleural mesothelioma. The addition of necrosis to nuclear grade allows for greater separation of overall survival. An alternative scoring system is the mitosisnecrosis score, which while not as robust as nuclear grade and necrosis does stratify patients into distinct prognostic groups. These scoring systems can be applied to both resection and biopsy specimens.
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